Admixture between populations provides opportunity to study biological adaptation and phenotypic 15 variation. Admixture studies rely on local ancestry inference for admixed individuals, which consists of 16 computing at each locus the number of copies that originate from ancestral source populations. Exist-17 ing software packages for local ancestry inference are tuned to provide accurate results on human data 18 and recent admixture events. Here, we introduce Loter, an open-source software package that does not 19 require any biological parameter besides haplotype data in order to make local ancestry inference avail-20 able for a wide range of species. Using simulations, we compare the performance of Loter to HAPMIX, 21 LAMP-LD, and RFMix. HAPMIX is the only software severely impacted by imperfect haplotype recon-22 struction. Loter is the less impacted software by increasing admixture time when considering simulated 23 and admixed human genotypes. For simulations of admixed Populus genotypes, Loter and LAMP-LD 24 are robust to increasing admixture times by contrast to RFMix. When comparing length of reconstructed 25 and true ancestry tracts, Loter and LAMP-LD provide results whose accuracy is again more robust than 26 RFMix to increasing admixture times. We apply Loter to individuals resulting from admixture between 27 Populus trichocarpa and Populus balsamifera and lengths of ancestry tracts indicate that admixture took 28 place around 100 generations ago. We expect that providing a rapid and parameter-free software for local 29 ancestry inference will make more accessible genomic studies about admixture processes.
Introduction parental haplotypes ( Figure 2 ). The main difference with HAPMIX is that Loter is not based on a probabilistic for-63 mulation that requires specifying several parameters. Instead, Loter is based on an optimization problem parametrized 64 with a single regularization value λ that penalizes switches between parental haplotypes. Solutions of the optimization 65 problem are found by using a dynamic programming algorithm, whose computational complexity is linear with re-66 spect to the number of markers and the number of individuals from the source populations. Inference of local ancestry 67 is found by averaging results obtained for different values of the regularization parameter λ and various runs of the 68 algorithm. 69 We compare Loter to HAPMIX, LAMP-LD, and RFMIX using diploid accuracy, which is an error measure anal-70 ogous to imputation error for LAI (Sankararaman et al. 2008b) . We consider an admixture experiment using human 71 genotypes from HAPMAP 3 where we simulate genotypes resulting from admixture between Europeans (CEU) and 72 Africans (YRI) (International HapMap 3 Consortium et al. 2010) . We evaluate to what extent diploid accuracy is af-73 fected by the number of generations since admixture for the different approaches. We additionally consider a 3-way 74 admixture scenario between Chinese (CHB), Europeans (CEU), and Africans (YRI) from HAPMAP 3. We repeat 75 admixture simulations using genotypes from two Populus species in North America (Figure 1 ) (Suarez-Gonzalez et al. 76 2016). We additionally evaluate to what extent length of ancestry tracts are accurately inferred by the different LAI 77 software packages. Length of ancestry tracts is a biological information that is used to date and reconstruct admixture 78 events and that should consequently be accurately inferred for reliable demographic reconstruction (Gravel 2012; Ni 79 et al. 2016; Corbett-Detig and Nielsen 2017; Xue et al. 2017 ). Finally, we apply Loter to admixed Populus genotypes, 80 and we estimate admixture time using length of reconstructed ancestry tracts. 81 New Approaches 82 We describe the optimization problem, which accounts that haplotypes from admixed individuals are described as a 83 mosaic of haplotypes originating from the source populations ( Figure 2 ). We assume that there are n individuals in the 84 source populations resulting in 2n haplotypes denoted by (H 1 , · · · , H 2n ). The value (0 or 1) of the i th haplotype at the 85 j th SNP is denoted by H j i . Haplotypes can be obtained from genotypes using computational phasing software such as 86 fastPHASE or Beagle (Scheet and Stephens 2006; Browning and Browning 2007) . A vector (s 1 , . . . , s p ) describes the 87 sequence of haplotype labels from which the haplotype h of an admixed individual can be approximated ( Figure 2) . 88 For the j th SNP in the data set, s j = k if haplotype h results from a copy of haplotype H k . The optimization problem 89 consists of minimizing the following cost function
where (s 1 , . . . , s p ) is in {1, · · · , 2n} p . The first term in equation (1) to Loter, we again find that RFMix and LAMP-LD provide more accurate reconstructions of local ancestry for the 125 recent admixture times of µ = 5, 10, 20 generations but less accurate reconstructions for more ancient admixture 126 events (Supplementary Figure SI1 ). Loter is more accurate then RFMix when µ ≥ 50 generations; e.g. Loter accuracy 127 is of 92% for µ = 100 generations whereas RFMix accuracy is equal to 87%. The loss of accuracy of LAMP-LD 128 for ancient admixture times is less pronounced but Loter still provides more accurate reconstructions than LAMP-LD 129 when µ ≥ 100 generations.
130
We evaluate the benefit of bagging and of averaging local ancestry values obtained with different values of the 131 regularization parameter, which are implemented by default in Loter. First, diploid accuracy depends on the choice of 132 the regularization parameter (Supplementary Figure SI2 ). As expected, smallest values of λ provide the best result for 133 ancient admixture event; λ = 2 is optimal when µ = 400 and µ = 500 generations, and λ = 5 is optimal otherwise.
134
Second, for all values of the admixture times, averaging local ancestry values obtained with different values of the 135 regularization parameter λ instead of considering a single value improves inference (Supplementary Figure SI2) . Last, 136 averaging over bootstrap replicates (bagging) further improves local ancestry inference (Supplementary Figure SI2 ).
137
Additionally, we vary the number of haplotypes in the reference panels to investigate to what extent Loter is sensitive 138 to the reference panels. When using the TSI and LWK reference samples, the diploid accuracy varies substantially 139 from 41% with a single haplotype in each population to 98% when using 100 haplotypes in each population.
140
We additionally evaluate the diploid accuracy of HAPMIX, which is another LAI software package based on the 141 copying model. Compared to the three other LAI software packages, its diploid accuracy is the smallest with values 142 of diploid accuracy ranging from 42% to 57% (Supplementary Figure SI3 ). The fact that haplotypes used for LAI are 143 not exact but can be computationally phased using Beagle causes the severe reduction of diploid accuracy obtained 144 with HAPMIX (Supplementary Figure SI4 ). When considering haplotypes reconstructed with Beagle instead of true 145 haplotypes, diploid accuracy is reduced by 32% on average.
146
Additionally, we compare diploid accuracy of Loter, RFMix and LAMP-LD on data simulated under a 3-way 147 admixture model (Supplementary Figure SI5 We applied Loter to 36 individuals that are admixed between P. balsamifera and P. trichocarpa. When averaging local 183 ancestry coefficients, we find that admixed individuals have on average 87% of P. trichocarpa ancestry and 13% of P.
184
balsamifera ancestry. We find that the median length of P. balsamifera ancestry tracts is equal to 0.76 cM and the first 185 and third quartiles are equal to 0.25 cM and 1.47 cM. We also perform simulations of admixed individuals based on true 186 genotypes from P. balsamifera and trichocarpa individuals. When admixture time varies from 10 to 500 generations; 187 median reconstructed P. balsamifera ancestry tracts vary from 2.3 cM to 0.32 cM, the first quartile varies from 0.28 188 cM to 0.19 cM, and the third quartile varies from 4.18 cM to 0.55 cM (Figure 7 ). Of the six admixture times we 189 considered (µ ∈ {10, 50, 100, 200, 300, 500}) in the simulations, we find that µ = 100 generations provide the most 190 similar distribution of P. balsamifera ancestry tracts; when µ = 100 generations, the three quartiles of P. balsamifera 191 ancestry tracts are equal to 0.21 cM, 0.78 cM, and 1.29 cM. 193 As dense genotype or sequencing data become more affordable, local ancestry inference provides an opportunity for 194 admixture mapping and for deciphering admixture processes as well. We have introduced the software package Loter 195 in order to make local ancestry available for a wide range of species for which biological parameters such as admixture 196 times or recombination rates are not available. The regularization parameter λ, which controls smoothing, depends in 197 a complicated manner on several biological and statistical parameters including mutation and recombination rates. The optimization problem of equation (1) is solved using dynamic programming. The solution of the problem with 262 p SNPs can be derived from the solution with (p − 1) SNPs. Two configurations are possible. Either the admixed 263 haplotype copies from the same haplotype at the (p − 1) th and p th SNP and
192

Discussion
or it uses different template haplotypes and
The optimal solution is then found by computing the shortest path on a graph displayed in Supplementary Figure   266 3. To find the shortest path, dynamic programming computes at each node a quantity Q(i, j) that corresponds to the 267 optimal solution for the first j SNPs and when the template haplotype at SNP j is the i th haplotype s j = i. The 268 quantity Q(i, j) is updated as followed 269 Q(i, j) = min Q(i, j − 1), min i ∈{1,...,n}
Because we store the value of min i ∈{1,...,n} {Q(i , j − 1)} at locus j − 1, the value of Q(i, j) can be computed 
subject to the constraint that the sum of the haploid local ancestries a and a is equal to the diploid local ancestry d. For RFMix, LAMP-LD, and HAPMIX, we use the default parameter settings.
293
Admixture between Populus species 294 We simulate admixed individuals by constructing their genomes from a mosaic of real P. balsamifera and P. trichocarpa haplotype. For a given admixed individual, haplotypes are exclusively copied from these two source haplotypes that 304 are chosen at random. The length (measured in Morgans) of an ancestry chunk is drawn according to an exponential 305 distribution of rate µ generations. In the simulations, we consider values for µ ranging from 5 to 500 generations.
306
The species origin of the new ancestry tract is again determined using the (α i , 1 − α i ) admixture coefficients and the 307 copying process for haplotype is repeated as before. 1 0 0 1 0 1 0 0 1 1 1 . . . . . . 1 0 1 1 0 1 0 0 1 1 1 . . . . . . 1 0 0 1 0 1 1 1 1 1 1 . . . Given a collection of parental haplotypes from the source populations depicted in blue and red, Loter assumes that an haplotype of an admixed individuals is modeled as a mosaic of existing parental haplotypes. In this example, the 1 st term of equation (1) (loss function) is equal to 1 because of a single mismatch between parental and admixed haplotype located at the next-to-last position, and the 2 nd term of equation (1) (regularization term) is equal to 2λ because there are 2 switches between parental haplotypes. The displayed solution corresponds to the mathematical solution (s 1 , . . . , s 11 ) = (5, 5, 5, 5, 1, 1, 1, 1, 2, 2, 2) where haplotypes are numbered from top to bottom, and s j = k if the admixed haplotype results from a copy of the k th parental haplotype at the j th SNP.
start end
Figure 3: Graph that represents the optimization problem of equation (1). An optimal solution for (s 1 , . . . , s p ) is found by finding the shortest path from node a to node b. We assume that there are n individuals in the source populations resulting in 2n haplotypes denoted by (H 1 , · · · , H 2n ). The value (0 or 1) of the i th haplotype at the j th SNP is denoted by H j i . A vector (s 1 , . . . , s p ) describes the sequence of haplotype labels from which the haplotype h of an admixed individual can be approximated. For the j th SNP in the data set, s j = k if haplotype h results from a copy of haplotype H k . Length of chunks (cM) Figure 6 : Distribution of the length of ancestry chunks for simulated data. For Populus data, we consider the first 500,000 SNPs of chromosome 6 and for human data, we consider the first 50,000 SNPs of chromosome 1. When considering Populus data, we run 10 times LAMP-LD on non-overlapping sets of SNPs in order to avoid the limitation of 50,000 SNPs of LAMP-LD. (Figure 4) . In set D1, we consider the same true haplotypes (trio-phased) for simulations and inference. In set D2, we consider different haplotypes for simulations and inference but haplotypes are all trio-phased and admixture time is assumed to be known. The set D3 is the same as D2 except that admixture time is unknown and assume to be equal to 6 generations. In set D4, haplotypes used for inference are not true haplotypes but have been reconstructed with Beagle. 
